As pointed out by Lingenfelter and Ramaty (1977) , the shapes of some γ-ray lines produced by cosmic-ray interactions with the interstellar medium potentially contain valuable information on the physical properties of dust grains, including their compositions and size distributions. The most promising of such lines are at 847, 1369, 1779 and 6129 keV, from 56 Fe*, 24 Mg*, 28 Si* and 16 O*, respectively. We performed detailed calculations of their profiles using, in particular, available laboratory measurements combined with optical model calculations to evaluate the energy distributions of the recoiling excited nuclei. We show that the line shapes are mainly sensitive to relatively large interstellar grains, with radii > ∼ 0.25 µm. Line fluxes from the inner Galaxy are then predicted.
Introduction
Observations of nuclear interaction γ-ray lines from the interstellar medium (ISM) would provide a unique tool to study Galactic cosmic-ray ions at nonrelativistic energies, as well as the physical conditions of the emitting regions. If the lines produced in the gaseous phase are expected to be significantly Doppler-broadened, some lines produced in interstellar dust grains can be very narrow, because some of the excited nuclei can stop in solid materials before emitting γ-rays (Lingenfelter and Ramaty, 1977; Ramaty et al., 1979) . The latter are prime candidates for detection with γ-ray telescopes having high spectral resolution, such as the INTEGRAL spectrometer (SPI).
An illustrative γ-ray spectrum is shown in figure (1). It was obtained in a recent experiment performed at Orsay (Kiener et al., in preparation) 16 O* nuclei can come to rest in the target before the 6.129-keV γ-ray is emitted, whereas the 6.92-and 7.12-MeV states (T 1/2 =4.7 and 8.3 fs, respectively) mostly deexcite in flight. The 6129-keV line, as well as the intense lines at 847 keV from 56 Fe* (T 1/2 =6.1 ps), 1369 keV from 24 Mg* (T 1/2 =1.35 ps) and 1779 keV from 28 Si* (T 1/2 =475 fs) are the prime candidates to scrutinize the interstellar dust grains through their γ-ray emission.
We have calculated in detail the shapes of these four lines as they are produced by cosmic-ray interactions with the ISM. The interaction model and the results are presented in sections (2) and (3), respectively. In section (4), we evaluate the intensities of the predicted emissions from the inner Galaxy.
Interaction model
To calculate the line profiles, we used a Monte-Carlo method similar to that described in Ramaty et al. (1979) . Each event in the simulation corresponds to a γ-ray producing nuclear reaction of a cosmic-ray proton or α-particle with a target nucleus either in the gas or locked up in a spherical and homogeneous dust grain of the ISM. The γ-rays can be produced by inelastic scattering reactions, e.g. The energy distribution of the recoiling excited nuclei were calculated from the differential cross sections. The latter were obtained from a large number of experimental data, completed with extensive coupled-channel calculations with the code ECIS94 (Raynal, 1994) . Two examples of differential inelastic scattering cross sections are shown in figure (2).
The stopping powers of the nuclei recoiling in the grain material were calculated with the code TRIM (Ziegler, 1985) . For these calculations, the grain composition was assumed to be (MgSiFe)O 4 , which is characteristic of interstellar silicates (e.g. Dwek et al., 1997).
To estimate the cosmic-ray proton interstellar spectrum, we used the diskhalo propagation model of Jones et al. (2001) . Coulomb and ionization energy losses were taken from Mannheim and Schlickeiser (1994) . For the proton inelastic cross sections, we used the empirical formula given in Moskalenko et al. (2002) . Solar-modulated spectra, calculated from the force-field approximation, were fitted to measured proton fluxes ( fig. 3) . We found the best fit to be provided by the source spectrumQ(p)dp ∝ p −2.4 dp, where p is the proton momentum. For simplicity, we used the same form for the α-particle LIS spectrum as for the protons, with an abundance ratio α/p=0.1.
Gamma-ray line profiles
Calculated γ-ray line profiles are shown in figure (4) for different interstellar grain size distributions. We assumed that all the available refractory elements Mg, Si and Fe, and half of the O are locked up in silicate grains, whereas the volatile elements Ne and S (which contribute through spallation reactions to the 6129-and 1779-keV lines, respectively) are in the gaseous phase (see Savage and Sembach, 1996; Dwek et al., 1997) . The dotted curves were obtained for the commonly used MRN (Mathis et al., 1977) size distribution: an a −3.5 power law in grain radii a from a min =5 nm (see Dwek et al., 1997) to a max =0.25 µm. We see that there are little differences between these spectra and those calculated assuming that all the target nuclei are in the interstellar gas (thick, grey curves). In particular, the two profiles of the 6129-keV line are nearly identical, because almost all of the 16 O nuclei excited within dust grains of radius <0.25 µm escape from the solids before decaying.
The dashed curves were calculated for the same power law distribution, but with a max =2 µm. The extension of the grain radii beyond the MRN limit of 0.25 µm is motivated by the observations with dust detectors aboard the Ulysses and Galileo spacecrafts of relatively large interstellar grains entering the solar system (Landgraf et al., 2000) , as well as by models of scattering halos observed around X-ray sources (Witt et al., 2001 ). The thin, solid curves were obtained by further extending the MRN distribution to a max =10 µm. , excited in cosmic-ray proton and α-particle interactions with interstellar gas and dust grains. The calculated spectra are normalized to one photon emitted in each line and convolved with the SPI response function. Thin curves -grain size distributions following an a −3.5 power law in radii from a min =5 nm to a max =0.25 µm (dotted curves), 2 µm (dashed curves) and 10 µm (solid curves). For each γ-ray line, the fractions of target nuclei assumed to be in the grains are indicated. Thick, grey curves -all target nuclei are assumed to be in the gas.
Such large grains are typical of presolar grains of stardust found in primitive meteorites (Zinner, 1998) and should exist in various circumstellar media. We see that for these two grain size distributions, the very narrow component of the 24 Mg*, 28 Si* and 16 O* lines could in principle be resolved with SPI. The sensitivity of these line shapes to micrometer-sized particles provides a promising method for tracing large dust grains in the ISM.
Gamma-ray line fluxes from the inner Galaxy
The γ-ray line intensities from the inner Galaxy were estimated by normalizing the emissivity calculations to the observed flux of high-energy γ-rays (>70 MeV) due to π 0 production and decay. We derived the latter from Büsching et al. (2001, fig. 1 ; EGRET data of observing phases 1-4):
• and -6 • <b<6
• . We used the model of Dermer (1986) to calculate the production of π 0 -decay γ-rays by cosmic-rays with the LIS spectrum of figure (3). We assumed that the metal abundances in the inner Galaxy are on the average twice solar. We then obtained for the fluxes of the 847-, 1369-, 1779-and 6129-keV lines excited in proton and α-particle interactions with both interstellar gas and dust grains: 5.6×10 −8 , 7.5×10 −8 , 4.3×10 −8 and 3.1×10 −7 photons cm −2 s −1 , respectively. In comparison, the calculated flux of the relatively strong line at 4438 keV from 12 C* (FWHM≃150 keV) is 7.1×10 −7 photons cm −2 s −1 and that of the so-called α−α line at ∼450 keV (complex line shape with FWHM≃80 keV; see Tatischeff et al., 2001 ) is 3.9×10 −7 photons cm −2 s −1 . All these diffuse emission fluxes are far below the SPI sensitivity, such that a near future detection of nuclear interaction γ-ray lines from the inner Galaxy is unlikely, unless there is a large population of Galactic cosmic-rays with kinetic energies below the threshold for π 0 production (290 MeV for p+H collisions). Such a distinct cosmic-ray component predominant at low energies has been proposed to account for the quasi linear correlation between Be and Fe abundances for metallicities [Fe/H]<-1 (e.g. Cassé et al., 1995) .
